The present work proposes a design for solar thermal collectors and also a numerical simulation analysis procedure to evaluate the collector performance. The performance of this collector is compared with the performance of other two commercial ones by observing both the numerical modeling study and experimental test results. Benefits of using the corrugated parallel approach, in terms of yield, are shown applying a new alternative approach of numerical modeling. A better performance is observed for the corrugated parallel collector, which provides a higher yield using an energy-absorbing surface. Moreover, the proposed numerical methodology could be used to evaluate the performance of other thermal collector configurations.
Introduction
The energy that a society consumes and its use and transformation effectiveness are criteria that characterize the development degree of a country. In fact correlations between the energy consume and the life quality levels have been defined and reported [1] . The development of the welfare society progress in parallel with the increasing energy consumption; for instance, the eighteenth century energy consumption per person was estimated about 3 kW h per day in buildings while nowadays is approximately 350 kW h per day in buildings, according to González [2] . This increasing consumption is causing sustainability, environmental, social and political problems. The described situation obviously requires corrective actions. Accordingly, the European Union has set a target for 2020 to reach the objective 20-20-20 (20% emissions reduction, 20% of energy provided by renewable energies, and 20% for saving energy). Focusing in an illustrative case, Spain is a paradigmatic example. In fact, this country is completely dependent on energy supply from abroad, importing the 75.6% of total consumption [3] . For correcting this, a contribution of renewable energy to gross final consumption of about 22.7% is expected to reach in 2020 [4] . Therefore, for achieving these objectives the design of increasingly efficient renewable devices in buildings as solar collectors is needed. Accordingly, the aim of this work is the proposal of a new solar thermal corrugated collector with parallel configuration for buildings that improves other commercial panel efficiency.
The tube and plate absorbers have been studied by analytical methods by several authors [5] [6] [7] [8] . The study of Hottel and Woertz is a pioneer work in the field [5] . Duffie and Beckman [6] presented the theory of flat-plate and concentrating collectors relating this topic with solar process economics and solar heating design. Eisenmann et al. [7] focuses on the correlations between the efficiency factor and the material content of absorber and tubing for flat-plate collectors with the fin-and-tube geometry, and Eismann and Prasser [8] calculated the efficiency of non-ideal absorbers using two-dimensional simulations and proposed new correlation for the fin efficiency to provide accurate efficiency/cost optimization. Moreover, numerical analysis is nowadays an essential tool to evaluate these types of devices [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Namely, in [9] block-oriented simulation technique was applied to obtain the solution of the dynamic model performed to describe the thermal behavior of solar collectors, while in [10] new transfer functions based on a validated collector model were performed to control collectors used in domestic applications. In these studies, mathematical models are developed to simulate numerically the collector performance using Matlab and FEM. The numerical simulation permits to know the collector yields without performing additional experimental tests. It is indispensable to predict the collector performance under a wide variety of conditions, in different operating scenarios. In addition, in the most of these works the simulations have been validated by experimental measurements.
Otherwise, the application of statistical learning tools is needed to properly estimate the collector characteristics from experimental data. Inference techniques applied to regression model are absolutely necessary to estimate dependence relationships and then make predictions [21, 22] . Namely, multiple linear regression models (black-box type model) are proposed to describe the transient collector processes precisely [23] . However, the application of nonparametric models is not as common in this field. They are more flexible and simple ways to estimate regression functions. In the present work, a smoothing method that uses a spline function to fit a set of noisy observations is used [21, 24] . Moreover, the uncertainty of experimental observations can be nowadays obtained by bootstrap techniques [25] [26] [27] correlation coefficients, odds ratio, misclassification errors, etc. just from data sample and resampling [25] [26] [27] . This study provides the performance results corresponding to a new corrugated collector design with parallel configuration, thinking of using new alternatives for numerical simulation. An additional comparison using simulated and experimental data shows the new collector design is more efficient than two commercial flat-plate collectors. Since the thermal plates are intended to be installed in buildings placed in northern Spain, obtaining higher collector efficiency factor is crucial due to the relatively lower solar irradiation level in this area.
Comparison between standard and corrugated solar thermal collector
A standard thermal solar collector is generally composed of a metal housing which should ensure water tightness. In the upper frame, hardened glass with low iron content is situated which facilitates the transmission of radiation up to 95% and presents a thickness of about 4 mm. Inside the black absorbing plate is placed. Note that there are copper tubes with a thickness of about 5-6 mm welded to the plate, through which the heat transfer fluid is transported as Fig. 1 shows. Under the plate an insulating material, commonly mineral wool is placed. These channels through which the heat transfer fluid circulates can present parallel flow or serpentine typology. It is important to stress that the material used for making the tubes and the absorber plate of the proposed new design differs from the materials used in the commercial thermal solar collectors. Namely, aluminum is used in the new design instead cooper, currently utilized in standard solar panels, due its lower prize. It is necessary to emphasize the novelty of the ducts design (see Fig. 3 ) which allows the fluid to present a larger contact surface regarding to the absorber plate, even higher than in other sandwich type collectors.
Experimental setup
In order to compare, experimental results were obtained from two commercial collectors (see Fig. 4 ). In this experimental steep two thermal solar panels were connected. The first one is a Brown Boveri Corporation product, hereafter referred as BBC, defined by a sun surface exposure equal to 1.14 m 2 . The second one is a Roth Werke product, hereafter named as Roth, characterized by a sun surface exposure of 2.27 m 2 .
The heat transport medium is composed of a 30 vol% solution of ethylene glycol in water. This medium is impulsed by a N.2 07 13 (DAB SPA pump). It is a 78 W pump, which allows controlling the flow in the range from 16 to 29 l min À 1 . A 16 l min À 1 flow rate was used for all experiments. The physical properties of aluminum, the insulation material, and the heat fluid can be consulted in Table 3 . The experimental equipment was pointing southwards fixing an angle of 35°re-garding to the soil (see Fig. 4 ). This device was placed at the following geographic coordinates: latitude 43.236373°and longitude À7.559752°. The measurements were obtained between 12:00 (GMT þ 01:00) and 16:00 (GMT þ 01:00) in September. In addition, the temperature was controlled with an accuracy of 0.1°C by means of Crison thermometers.
Numerical simulation for corrugated parallel configuration
A two-dimensional modeling is made to evaluate the effect of different parameters on the behavior of the system. To obtain the temperature distribution corresponding to two-dimensional model geometric shown in Fig. 5 , the heat equation is solved and expressed as:
where T is the temperature and k is the thermal conductivity. This partial differential equation has to be supplemented by the following boundary conditions:
1. Convective boundary condition at the inner perimeter of the tube through which fluid flows
where h f is the heat transfer coefficient corresponding to the tube-fluid, T fm the mean fluid temperature at the halfway, and Γ p the contour of the tube through which fluid flows (see Fig. 5 ). 2. The boundary condition at the absorbing plate of the collector, taking into account the absorbed solar irradiance, q s , and the thermal losses from the collector to the environment is
where T a represents the ambient temperature, and Γ s is that part of the absorber plate contour that receives solar radiation (see Fig. 5 ). 3. And finally, the convective boundary conditions, including loss to the sides and the bottom A
where U i and U l are the heat loss coefficients of convective back and edge, respectively. These coefficients are calculated on the basis of the insulation thickness and the thermal conductivity. In this regard, the thickness of insulation at the bottom and the sides is considered the same. To obtain these coefficients, the Duffie and Beckman expressions are used [6] . They are given by
where k in is the thermal conductivity insulation, e in the thickness insulation,P c the perimeter of the collector, e c the collector thickness and A c the collector area. For a parallel configuration (see Fig. 6 ) the inlet temperature of each conduit is the same. Thus, the boundary condition (2) is completed calculating the fluid average temperature in each corrugation using the expression
where L k is the length of each duct section, ′ q uk is the useful heat transferred to the fluid per length in each section of the duct wall, and k accounts for the number of ducts.
The transient numerical simulation is solved using the mesh of computational domain depicted in Fig. 6 . It is composed of twenty two nodes, eleven defined by the intervals [i k , c k ], and the remaining eleven accounted for the intervals [c k , o k ]. The i k and o k symbols depict the in and out points, respectively, corresponding to the k th cross section, with k ¼1….11. These ducts are properly represented in the scheme shown in Fig. 6 . Each stretch is labelled by one specific color, in order to correctly identify each one of the overall twenty two meshes. Next, Tables 1 and 2 indicate the geometric values and experimental operations for calculating the boundary conditions. In addition, Table 3 shows the physical properties values corresponding to the AW 1050 series aluminum used in making the prototype, the heat fluid (water-30% ethylene glycol) and the insulation material (mineral wool).
Results and discussion
Since the numerical problem is solved, the instant efficiency under stationary conditions can be calculated from an input fluid temperature range T fi between 15°C and 100°C, at fixed ambient temperature, T a 20°C. The Fig. 7 shows the characteristic curve for a corrugated, BBC and Roth collectors with parallel configuration. The efficiency corresponding to the corrugated collector is slightly higher than the efficiencies of commercial collectors (Fig. 7) . The curve for corrugated collector can be obtained using the expression (9) [28] fitted to efficiency data. The model parameters are obtained using the leastsquares method. Table 4 shows the values obtained for the significant parameters for this specific collector. The maximal yield obtained by the model corresponding to Fig. 6 . Cross-section of the collector. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) Table 1 Geometrical data corresponding to the corrugated collector.
Geometrical parameters Value
Collector area, A C 1 m Moreover, Fig. 8 shows the yield linked to three different incident radiation levels on the collector. They correspond to an average day in summer, autumn-spring, and winter, respectively. Therefore, the yield values of the corrugated collector with parallel configuration can be easily obtained for any temperature using the information in Fig. 8 . The gap between the summer and winter yields is not higher than 6%.
A nonparametric regression model based on tin plate splines is applied to estimate the Roth and BBC efficiency curves obtained from experimental data [29] . The efficiency uncertainties corresponding to the Roth and BBC collectors are estimated using bootstrap confidence intervals [26, 29] at a 95% confidence level (see Fig. 9 ). These statistical tools can be easily applied using the mgcv [29] library, belonging to R free statistical software [30] . Fig. 9 shows these results and offers a comparison with the efficiency curve obtained by numerical simulation corresponding to the proposal collector. The efficiency values obtained from the numerical study of the corrugated parallel collector are always higher than the obtained values for BBC and Roth collectors. These numerical simulation values are out of the confidence intervals built for the BBC and Roth collectors, thus we can consider that corrugated collector results are statistically different from the others. It is important to note that if the corrugated and BBC collectors are compared, the efficiency difference is quite slighter.
The efficiency curve of the corrugated collector with parallel configuration presents the same behavior as the BBC and Roth collectors, although the surface exposed to solar radiation of the corrugated collector is 12% lower than that of the BBC collector and 56% lower than the Roth collector, as pointed in Table 2 Operational conditions of the corrugated collector.
Physical parameters Value
Transmittance-absorptance, τα 0.874 Incident solar irradiance, q I 1000 W/m 2 Ambient temperature, T a 20°C Inlet fluid temperature, T fi 15°C Flow rate,ṁ 0.01 kg/s Table 3 Physical properties of the aluminum alloy, heat fluid and insulation material from which the new corrugated collector is composed.
Aluminum Fluid Insulation
Density, kg/m Collector heat removal factor 0.98 the second section. The model was run under the same conditions that the experimental test in order to obtain the parameters that characterized the design and optimization such as thermal efficiency. Evolutionary data corresponding to solar irradiance and ambient temperature are used in order to solve numerically the transient thermal problem and compare the numerical simulation results of the new design with those corresponding two commercial collectors (see Fig. 10 ). Ambient data were obtained by a meteorological station next to the place where experimental testing for standard collectors where performed.
Furthermore, the values provided by MeteoGalicia agency [31] correspond to the horizontal global solar radiation. Thus, the necessary conversions using the equations proposed by Duffie and Beckman [6] must be implemented to obtain the data corresponding to radiation on a 35°inclined surface, oriented southward (the slope of the Roth and BBC panels in the experimental setup). Fig. 11 represents a three-dimensional transient numerical simulation for a corrugated collector with parallel configuration (this figure is obtained directly of the software Comsol Multiphysics). The developed model shows that the temperature increasing in each tube is practically the same.
Conclusions
A corrugated solar design with parallel configuration has been successfully proposed. Its performance has been compared with other current solar collectors such as Roth and BBC. The three typologies provide high efficiency values but the proposed design presents the highest one. Thus, the yield obtained by the proposed model is equal to 86%, while the yield corresponding to the BBC and Roth collectors are 80% and 77.9%, respectively. This result is more significant assuming that the new model just represents 88% the surface of BBC collector and 44% the surface in the case of collector Roth. This advantage is obtained due to its novel design of corrugated conduits, which increases the contact surface between the carrier fluid and the absorber plate. It is also important to note that the experimental instantaneous efficiency for Roth and BBC collectors and the results obtained from the numerical simulation for corrugated collector are very similar, especially those from the BBC and corrugated collector. Therefore, the numerical simulation provides reliable results, close to reality. But the proposed corrugated design presents the highest instantaneous efficiency during all the test day. This result supports the development of the proposed corrugated collector and its application in any place where hot water is required such as buildings and cruise ships. In addition, the proposed numerical methodology has provided properly the main parameters that characterize the thermal behavior of the corrugated collector with parallel configuration. This simulation procedure can be applied to other collector geometries for buildings.
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This research has been partially supported by the Spanish Ministry of Science and Innovation. Grants MTM2011-22392 (ERDF included), MTM2014-52876-R and ENE2013-48015-C3-1-R. This appendix is composed of some definitions which can be found in [17] to clarify some points of the present study. To compute the top loss coefficient U t we have used the empirical equation proposed in Duffie and Beckman [6] which expresses a nonlinear and non local dependence with respect to the mean temperature of the absorbing plate are assumed adiabatic at bottom and edges.
With the purpose of defining the boundary conditions (2) and (3), the heat transfer coefficient is calculated between fluid and corrugated in terms of the diameter and Nusselt number as (see [6] wetted perimeter of the duct section (see Fig. 12 ). The Nusselt number Nu D is given by the semi-empirical relationship provided by Hausen [32] assuming fully developed laminar flow. This relationship takes into account the length of conduit.
